Purpose: Small artery and arteriolar walls thicken due to elevated blood pressure. Vascular wall thickness show a correlation with hypertensive subject history and risk for stroke and cardiovascular events.
Introduction
The human eye offers direct optical access to the retina, a portion of the central nervous system, and its vasculature, using noninvasive optical techniques. Because of this accessibility changes in the retinal vessels have long been considered as potential biomarkers for systemic vascular diseases [1] [2] [3] [4] and improved clinical instruments [5] [6] [7] [8] [9] have enhanced our ability to measure properties of the retinal vascular bed. In the past, these measurements were limited to the larger retinal vessels unless exogenous contrast agents such as fluorescein were used. Nonetheless, systemic diseases such as hypertension and diabetes have well documented relationships with retinal vessel structure and regulatory responses. 2, 10, 11 In recent years, the development of adaptive optics (AO) retinal imaging, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and optical coherence tomography (OCT) 23, 24 have provided clinicians and scientists with improved information on retinal vascular changes. With the recent advances in imaging of the vasculature [25] [26] [27] [28] [29] [30] we now have tools available to provide precise structural measurements of retinal vessels from the largest retinal vessels down to the capillaries. It has recently been demonstrated that AO retinal imaging can show hypertensive changes in the walls of retinal vessels with great precision. 22 The current work uses AO-assisted retinal imaging to measure the impact of essential hypertension (HTN) on the walls of the retinal arteries and arterioles. It is thought that in essential HTN, changes in blood vessel structure leads to increased resistance to blood flow. 31, 32 This increase in resistance is thought to occur first at a level of the vasculature known as ''resistance vessels'' that, by definition, control the blood pressure of the system. Although the actual size of these resistance vessels is not well known, they are usually thought to be smaller than 350 lm in outer diameter (OD). 33 With the advent of HTN there are changes in vascular walls, but these are initially reversible. However, once the pressure of the system has been elevated for a sufficient duration, a positive-feedback cycle effects the vascular wall structure. 32, 34 For vessels larger than about 300 lm in diameter the increase in vessel wall thickness occurs without changing the lumen diameter, or inner diameter (ID), a process known as outward hypertrophic remodeling. 34 In small arteries remodeling is thought to occur differently. The total volume of the vascular wall remains constant but both the OD and the ID each decrease, 35 a process known as inward eutrophic remodeling. 34, 36, 37 These processes may not be independent, subcutaneous and retinal arteries may use a combination of eutrophic and hypertrophic remodeling dependent on the degree and duration of hypertension, but the retinal response being primarily eutrophic. 35, 38, 39 The hypertrophic form of vascular remodeling seems to be particularly associated with an elevated risk of cerebrovascular and cardiovascular risk 40, 41 and any improvement in noninvasive detection and classification of vascular remodeling would be valuable.
In general, changes to the vascular walls are typically quantified using a ratio measure comparing the wall thickness with the lumen diameter, the wall to lumen ratio (WLR). WLR is correlated to HTN 37, 38, 42 and can be measured in relatively large vessels of the eye using a scanning laser Doppler flowmeter. [42] [43] [44] Recently Koch et al. 22 used a commercially available flood illuminated AO retinal camera to show increased WLR in HTN, and together with other studies, the results suggest that smaller vessels are better indicators of hypertensive changes in the eye. 22, 43 The purpose of this study was to use an AO scanning laser ophthalmoscope (AOSLO) with multiply scattered light detection providing higher contrast of vessel wall structure, 27, 29, 45 to measure WLRs over the full range of retinal vessels and in particular to test whether arterioles smaller than 50 lm in ID have a larger difference between the WLR of hypertensive subjects and normotensive (NTN) subjects. In an attempt to better refine the relationship between blood pressure and vascular wall anatomy, we included a third group of otherwise healthy subjects with a life-long history of nonpathological low blood pressures.
Methods Subjects
Fifty-five subjects were recruited for study by use of poster advertisements and referral from local physicians. Subjects were classified as HTN if they had been physician diagnosed as such, and were on any type of antihypertensive medication. Subjects were classified as NTN if they had never been diagnosed as hypertensive and never taken antihypertensive medications. Subjects were place into a third group, which we called hypotensive (LTN) if they met the classification of NTN, but also selfreported that their blood pressure had rarely been above 100/70 mm Hg and were fully functional without a medical condition producing hypotension. For subanalyses, we divided subjects into two age groups, a younger (,40 years) group and an older group (!40 years). All subjects were examined by an ophthalmologist. No subjects had signs of retinal hypertensive pathology other than a few subjects with arteriovenous nicking or vascular tortuosity. Careful medical histories were taken with a focus on causes of secondary hypertension, subjects were excluded from the study if they had any relevant systemic diseases other than essential HTN. Subject characteristics and statistics by group are given in Table 1 . The population was primarily Caucasian, with four Asians and no African Americans. All subjects were informed of the risks and benefit of participating in the study and all procedures in this study were approved by the institutional review board of Indiana University and adhered to the tenets of the Declaration of Helsinki.
Imaging
We used the Indiana AOSLO. 46 This produces near-diffraction limited performance when imaging the retina in vivo. 47 The system can work with pupil sizes up to 8 mm, 48 although as expected the pupil size is inversely related to the resolution. For an 8-mm pupil, the lateral resolution using 820-nm light is approximately 2 lm. Axial resolution is dependent on the size of the confocal aperture and the spatial frequency of the target. In general, Axial focusing within 20 lm was required for optimal vessel wall images. The system incorporates a steering system that allows us to relate the small-field AOSLO image to locations on a previously obtained wide field fundus image from a commercial retinal imaging system (Heidelberg Spectralis, Heidelberg, Germany). 49 The AOSLO system also allows us to fully control our confocal aperture at the detector plane, choosing one of several aperture diameters, as well as changing its location in 2 dimensions. 50 
Procedure
All subjects had an ophthalmic exam including visual acuities, a slit-lamp examination, and a dilated fundus examination. If the dilated exam did not take place immediately before the AOSLO imaging, one drop of tropicamide 0.5% ophthalmic solution was distilled into the study eye. Axial length (AL) measurements were taken with a Zeiss IOL Master Version 5 (Carl Zeiss Meditec, Dublin, CA) for retinal image magnification calculations. Fundus images and OCT scans were then obtained on all subjects using a Heidelberg Spectralis system. If image quality of the OCT scans was not high, or was variable, artificial tears were given to the subject.
Experimental Imaging
The AOSLO imaging beam was 820 nm (12 nm half-width) and the wavefront sensing was at 870 nm (powers measured at the cornea were 100 and 50 lW, respectively). All light levels used were safe according to ANSI standards for safe use of laser light. 51 A single eye was measured for each subject. AOSLO images were obtained by sequentially imaging along a retinal artery, starting with arteries approximately 1500 lm from the center of the optic disc and following along successive branches until the walls of the arteriole were too small to resolve. For most subjects all AOSLO experimental images were obtained in a single session with frequent short breaks. A data collection session took approximately 40 minutes.
To enhance the visibility of vessel walls a relatively large confocal aperture (103 the Airy disc diameter), displaced by more than the aperture radius was used. 26 For the best quality image, the confocal aperture was offset along the direction of blood flow in the vessel, which was known from the anatomy of the retinal quadrant being imaged. Image focus was adjusted as needed to keep the vessel walls in focus, and the scan size of the system was adjusted from 1.78 to approximately 1.148 for the smallest vessels (at a pixel size of 520 3 570 pixels after correction for scan distortion). Field sizes were automatically recorded by the imaging system.
To obtain an image of a vessel the operator first optimized the focus of the image watching a live view of the retina. When a good image was achieved, the operator signaled the computer by a mouse click or foot switch and approximately 100 sequential frames of video were recorded at a rate of 28 frames per second.
Image Processing/Measurements
Image processing was performed semiautomatically offline after the completion of the data collection as has been described elsewhere. 29 Briefly, images were first corrected for the sinusoidal distortion produced by the scanning method and individual video frames were then eliminated if blinks, poor image quality, or large eye movement within a frame was detected. The remaining frames of the video were then aligned to a template frame automatically chosen by the software based on minimal eye motion between two successive frames. Small eye movements both between and within each frame were corrected as successive frames were aligned to the template frame. The final output consisted of a short video clip for each region of the blood vessel, an average image, 52 and a SD image 25 that provided a map of the vascular perfusion. The averaging of the image improved grading of the vessel by reducing noise and the SD image showed the areas of erythrocyte movement, aiding in identification of vessel lumens. Quantification of lumens and walls was performed manually in Photoshop (Adobe Systems, Inc., San Jose, CA) by masked graders. We first selected arterioles by comparing the small field AOSLO images to the 308 clinical SLO fundus images, ensuring we followed an arteriole during image acquisition. It was also possible to distinguish the direction of red blood cell motion based on the video segments. From these arterioles we then selected images that contained areas of measureable contrast between the vessel wall and both the retina and the vessel lumen. The grader made measurements in a location where the vessel was approximately straight for a length of at least 10 times the ID of the vessel and the vessel was without bifurcation. All measurements were taken in a direction perpendicular to the vessel wall.
The distance from the outside of the vessel wall to the outside of the contralateral vessel wall was called the OD of the vessel (Fig. 1) . This measurement was recorded, and then at the same location the distance from just inside the vessel wall to just inside the contralateral vessel wall was recorded as the ID. Both the OD and the ID for each vessel image were measured five times with the location of each individual pair of OD and ID measurements displaced from the previous measurement by approximately the ID of the vessel.
Magnification was taken into account when analyzing the data by use of a simple formula (Table  2 ) and the axial length measurements. Magnification differences between scan sizes are a known property of the system and were also taken into account.
Some vessel images could not be measured due to shadowing, or because the focus was in a different plane than the vessel. Images where the contrast of the vessel wall was deemed uncertain by the grader were not measured and therefore, not used in any calculations. The WLR was calculated as the difference between the OD and ID divided by the ID. In a some cases (20 of 370), shadowing on one side of the vessel prevented precise localization of one of the outer walls of the vessel, and in this case a measurement from the outside of the vessel wall on the side with good contrast to the inside of the contralateral vessel wall was taken. In these cases the WLR was calculated assuming radial symmetry of the vessel. In all cases, when measuring the vessel lumen, it was differentiated from the vessel wall by visible structural differences and was verified when needed by movement of erythrocytes seen in aligned video sequences.
Variability of Measurements
Interobserver variability of the manual grading of WLR was measured by having a second expert grader blindly regrade both the ID and OD of 21 vessel locations from 18 subjects. The measurements were then compared with the original grader's results. On average, the two graders agreed within 2% on vessel size and the interclass correlation for this comparison was 0.99. For this reason, only the original grader's measurements were used for analysis. 
Calculations
Calculations were made based on the equations in Table 2 . The retinal magnification (RM) due to ocular AL for each subject was calculated using Equation 1 53 and the subject's AL obtained from the Zeiss IOL Master. This calculation became necessary to compare the absolute vessel sizes across subjects. Wall thickness (WT) was calculated using Equation 2. WLR was calculated using Equation 3.
In 5.4% of images in which the OD was measured using the one sided method, wall thickness was calculated using
Statistical Analysis
We analyzed data in two ways. Primary statistical analyses were performed by first pooling multiple measures within a vessel size category for each subject. Pooling was performed to compare subject groups for WCSA and WLR, which had a strong dependence on vessel size. Thus, it was necessary to avoid weighing each subject differently based on the number and location of measured blood vessels. For each subject we included all measured vessel locations (an average of 7 locations per subject), and grouped vessels into three size classes, indicating whether their ID was less than 10 lm (Class 1), between 10 and 50 lm (Class 2), and larger than 50 lm (Class 3). We then calculated the average WLR data from each subject for each vessel class. For the analysis of the variance (ANOVA), we included only vessels in classes 2 and 3. The primary analysis was a two-way ANOVA of WLR, vessel size, and blood pressure status. Post hoc comparisons of WLR as a function of vessel size class were made within each blood pressure group and for a given size across blood pressure groups using Student's t-test. We also performed regression analysis to determine the relation of ID and OD for the different subject groups.
Results

Measurability
In general, we were able to make measurements in almost all subjects for all locations selected for imaging. Across all subjects we could not quantify vessel properties for 14 of 370 imaged artery locations (3.8%) due to shadowing or nonoptimal plane of focus. Twenty arterioles were graded using the ''one sided method'' out of the total 370 artery locations picked for measurement (5.4%).
Vascular Structural Measurements
Vascular ID varied with both vessel size and blood pressure status. Figure 1 shows example results from normal subjects for two sizes of vessels. Here, we see that the vascular wall was clearly imaged and measurable. Vessel ID ranged in size from 3 to 169 lm and OD ranged from 6 to 216 lm (Fig. 2) . ID and OD were highly correlated for all three subject groups (r 2 of 0.993, 0.982, and 0.973 for LTN, NTN, and HTN groups, respectively, Fig. 3 ).
Wall to Lumen Ratio
WLR varied with vessel diameter (Fig. 4) . The largest WLR occurred in the smallest vessels that were measureable, which were vessels under 10 lm in lumen diameter. While some vessels with ID of less than 10 lm were measurable in all subject groups, 17 of the 22 (77.27%) vessels in this size range were measured in the LTN group, perhaps partially due to their younger age (Table 1 ) providing higher contrast images. Therefore, we excluded from our statistical analysis vessels smaller than 10 lm in ID (class 1 vessels). For vessels above 10 lm in ID the largest WLR occurred among the smallest measurable vessels of the HTN subjects (Fig. 4) with 9 of 10 of the largest WLR measurements occurring in HTN subjects. The WLR's for our class 2 vessels were 0.44 6 0.20, 0.41 6 0.23, and 0.70 6 0.38 for the LTN, NTN, and HTN subjects, respectively (Fig. 5) . WLR was smaller for the class 3 vessels, with WLR's of 0.211 6 0.196, 0.234 6 0.078, and 0.303 6 0.084 for LTN, NTN, and HTN subjects, respectively. The two-way AN-OVA for WLR, calculated using averages for each subject for each size category, revealed a significant relation between both WLR and vessel size and WLR and HTN status, with WLR depending on vessel size class (P , 0.0001) and blood pressure group (P , 0.0001). Vessel size and blood pressure status interacted significantly (P ¼ 0.0385). These interactions all persisted when comparing only the NTN and HTN groups. The WLR of the NTN and LTN groups were not significantly different from each other (P . 0.7), although in general data from the LTN group showed a more systematic relation between OD and WLR and other measures (see below). We examined the data for significance of age and also of sex and no significant differences within groups were seen.
Wall Cross-Sectional Area
WCSA increased with vessel size (Fig. 6) . HTN subjects had larger WCSA than NTN subjects for both size classes of vessels (P ¼ 0.025 and P ¼ 0.01, unpaired t-test for small and large size classes, respectively). For the comparison of HTN and LTN subjects the difference for small vessels was not significant (P ¼ 0.06) but was for the larger vessels (P ¼ 0.008).
Discussion
The finding of increased WLR in HTN agrees with previous studies, 22, 38, 54, 55 now using multiply scattered light AOSLO imaging. Our results are similar to the increased WLR with HTN reported by Koch et al. 22 with a flood illuminated AO camera, but we cover an even larger range of sizes. The hypertensive subjects in this study were treated, whereas those in Koch were untreated. To allow us to compare our results more directly with Koch et al., 22 as well as to studies that used scanning laser Doppler flowmetry The dependence of the WLR on the OD. While we measured vessels with an ID less than 10 lm, these were primarily measurable in our LTN subjects (filled symbols), and therefore were not included in the statistical analyses. Vessels smaller than 10 lm were excluded from this analysis and the data for each subject within a size class were averaged and then analyzed. The median for each group is shown as the center horizontal line, the box encloses the 25th to 75th percentiles and the whiskers are set to enclose 80% of the data; symbols represent subjects with either a WLR in the top 10% or bottom 10% of the sample.
on slightly larger vessels, 35, 40, 54, 55 we formed a subset of our data including all vessels between 90 and 120 lm ID. Our data, while having slightly thinner walls for a given lumen, show similar WLR and impact of hypertension, whether treated or not (Table  3 ). All techniques show thickened walls in the hypertensive groups although not significantly for the Baleanu 35 study. While our WLR measurements were smaller than the others, as seen in Figures 1 and  3 , the walls were well delineated and measurements were replicable. The results from all these retinal studies are consistent with HTN producing increased WLR in the central nervous system. 40 We examined the relation of ID to OD, which is important both for understanding how vessels remodel 56 and for determining whether there is a fundamental relation between wall thickness and lumen diameter. The data of Figure 2 , demonstrate that both the LTN and NTN subjects' vessels have a very tight linear relationships between ID and OD. In particular, there seems to be an upper bound to the ID for each OD formed by the data from the LTN subjects. Data from the NTN and HTN subjects fall on or below this line. This suggests a deterministic relationship between vessel diameter and the wall thickness prior to vascular remodeling. Linear correlation between the outer and inner vascular diameters for the LTN group had an r 2 greater than 0.99 (Fig. 2 ) and the NTN data were close but fall slightly below the LTN group and the HTN data fall even further below, with the HTN group outside the 95% confidence limits of both the LTN and NTN groups. This paints a consistent picture of the LTN data representing a ''basal'' state for the vasculature and NTN and hypertensive data resulting from eutrophic remodeling.
The assumption, that the line formed by the LTN data represents an estimate of the initial state from which vessels are eutrophically remodeled, allows us to model the impact of vascular remodeling as depicted in Figure 7 . Here the solid diagonal line with a slope of 0.88 is the linear fit to the LTN data of Figure 6 . Eutrophic remodeling conserves WCSA for a given vessel ID and OD. This causes a vessel to move down and to the left, as illustrated by the dashed curved lines, because as the outer wall moves inward, the ID shrinks even more. Remodeled vessels lie somewhere within the space below and to the right of the baseline. We can relate each current hypertensive data point to a position on the LTN line, which has the same WCSA (the curved line with an arrow shows possible WCSA conserving positions from an initial starting data point). Using the empirically defined relations we can ask (1) are they consistent with eutrophic remodeling that is expected for vessels of this size in HTN, and (2) what is the impact of remodeling on vascular resistance? In Figure 7 we see that all data fall within the range of values consistent with eutrophic remodeling. However, our results could be consistent with other types of remodeling. To determine whether the data suggest hypertrophic remodeling we fit WCSA versus OD for all vessels with a three parameter power model and computed 95% confidence intervals (CIs). While there was a trend for the large vessels to have larger WCSA, the difference was within the 95% confidence limits and so we were unable to reject hypertrophic remodeling.
Our second question was how remodeling would impact vascular resistance. Although the systemic resistance vessels are generally considered to be small arteries in the range of 100 to 450 lm OD, 57 our results suggest that the largest WLR changes are in the smallest arterioles (Fig. 4) . To evaluate the impact on vascular resistance we assumed that WCSA was conserved as in Figure 7 . We then calculated from the curves the ''initial'' ID of the hypertensives' arterioles from the measured ID and OD of the vessel and assumed that vascular resistance is proportional to the inverse fourth power of the lumen radius (Pouseille's law), and no other parameters (viscosity, etc.) change. We then calculated the difference between the resistance given by the measured ID and the calculated ''initial'' resistance and then divided by the ''initial'' resistance. As expected the resistance increases with remodeling (Fig. 7, right) and the increase is largest for the smallest vessels. However, because the distance traveled within a small vessel is short, approximately 150 lm, 33 it is unlikely that these vessels are a major determinant of the increased systemic vascular resistance in HTN. The curve tapers to an increase in resistance of about 30% for larger arterioles and because of the distribution of vessel lengths within the eye, it is this asymptotic value that is likely to represent the overall change in resistance within the eye. While there are other possible forms of remodeling, given that our subject hypertensive population consisted of managed essential hypertensive patients, eutrophic remodeling is the most likely mechanism for an increase in vascular resistance. We also performed this calculation based on a simple direct comparison of vessels (assuming the OD remained the same and only the ID changed, and this produced a similar conclusion).
It is unknown whether the simple linear relation between ID and OD that we measure for the eye represents a property of the systemic circulation or is organ specific. If this is generalizable, it opens the possibility of evaluating a patient's current vascular wall structure compared with this basal state. This would provide an estimate of a given patient's vascular status arising from hypertension or diabetes. This would aid in 'individualized' medicine by allowing estimation of the effects disease in a new patient and thus delivery of more appropriate care than depending on surrogate measures of vascular health such as blood pressure. Although its medical use is dependent on the establishment of correlations between ocular vascular change and systemic vascular consequences such as renal or cardiac damage and possibly even Alzheimer's disease; it is reasonable that precise measurements over a greater range of vascular sizes could yield improved clinical patient stratification and prognostication. To test this concept on the current data set we used the linear fits to the LTN data of Figure 2 . We computed the difference between the predicted and actual ID of each measurement of OD and averaged these for each subject. The group results are shown in Figure 8 . The LTN subjects fall close to the prediction as expected. The NTN subjects overlap the LTN data but there are numerous outliers with smaller ID. Every individual in our HTN group Figure 7 . Evaluating the impact of eutrophic remodeling on vascular measurements. Left: The solid line shows the measured relation between ID and OD for LTN subjects (r 2 ¼ 0.99). Dashed curves show how individual vessels would be affected with increased eutrophic remodeling. Thus, if we measure a vessel with OD and ID as represented by point A, it would presumably, prior to hypertensive remodeling, have been located at point B. This implies that the vessel changed its inner diameter as shown by the double headed arrow. Right. The computed normalized change in resistance based on a fourth power relation between lumen size and resistance. Note that the largest resistance changes occurred for our measured small vessels, however their total length is relatively small, which supports the idea that the largest changes in total systemic resistance do not arise from the smallest vessels.
fell outside the 95% confidence limits for the LTN subject. While a larger scale, well-controlled clinical study is desirable, the current results are encouraging.
The main limitations of the current study include the relatively small sample size and the lack of control for lifestyle factors, age, or sex. A consensus has not been reached on how age or gender affect WLR 22, 44, 55 and subdividing our subject population results in numbers too small to be meaningful statistically and in fact our low-tension group was primarily female (Table 1 ). Other limitations are that our hypertensive subject group was not stratified by medication or degree or duration of blood pressure elevation and also some members of the NTN group could have been prehypertensive. Because these factors were not controlled for, the overall diversity within each pressure group may have increased the within group variability, created a bias, or both. However, the increased variability should have decreased statistical power, yet we found the differences were highly significant and so we do not believe this limitation weakens our results, but rather that better classification of a larger study should most likely increase the effect that was seen and help resolve age, sex, and racial differences in vascular wall structure.
In conclusion, the use of multiply scattered light AOSLO retinal imaging allowed us to extend the range of vessel sizes for which in vivo vascular structure could be accurately measured. Results suggest that the largest relative changes in resistance to blood flow in HTN could occur at the smallest sizes of arterioles, certainly within the eye and possibly elsewhere in the body. This level of vasculature is distinctly smaller than the usual class of arterioles considered as the primary resistance vessels, and our results do not contradict the general consensus, because while the change per vessel is large, the effective length is small. The very high correlation of the ID and OD for the arterioles in LTN subjects is suggestive that, at least in the eye, a proportional relation may exist between ID and OD, which is then modified through eutrophic or hypertrophic remodeling in individuals with higher blood pressures. This data may allow more accurate studies of hypertensive vascular remodeling and of clinically observable vascular alterations seen in other diseases such as diabetes, by allowing patients to be compared with a basal vascular wall template. Further research is clearly required to validate these concepts. Figure 8 . Box plots of the residual for each subject group compared with the template curve achieved by fitting the LTN data of Figure 2 with a linear model (r 2 . 0.99). Actual measurements for each vessel in each subject were then subtracted from the predicted value for that size vessel, and then the average residual computed for each subject and the averages for groups plotted. The LTN group is close to the template (as expected) and the range of residuals is very small. For the NTN and HTN groups the data diverge from the template. Box plots as in Figure 5 .
